Measuring resistivity is a potentially powerful method of monitoring leakage zones that have developed in a dam, and their expansion over time. Generally, for embankment dams, two-dimensional (2D) resistivity data have been measured along the dam crest for the detection of leakage zones. However, the three-dimensional (3D) effects created by specific dam geometry and fluctuations in reservoir water levels significantly distort the 2D resistivity data measured at the dam crest. This study evaluates the 3D effects through 3D resistivity modelling software, which was developed to calculate apparent resistivity data for geometries and material distributions for embankment dams. These modelling results demonstrated that the 3D effect from the dam geometry and variations in water level is significant. Especially, in the case of monitoring, changes in 3D effects from water level fluctuations cause a spurious near-surface layer when time-lapse inversion is applied with a cross-model constraint. To overcome this problem, we introduced a combined reference model constructed from the independent inversion of both time-lapse data and original reference data. The combined reference model was able to effectively suppress the spurious near-surface layer and to clearly image the damaged zone when the change in water level was small. However, a time-lapse inversion using the combined reference model also failed to identify the damaged zone when the change in water level was large. Finally, by using the resistivity monitoring system devised for dam surveillance to a test dam site, resistivity monitoring data were acquired. From the time-lapse inversion of two data sets showing a large change in water level between two measurements, it was confirmed that the variation of water levels produces the occurrence of a spurious near-surface layer due to a strong 3D effect. remain in time-lapse inversion of resistivity monitoring data for more detailed and quantitative interpretation.
INTRODUCTION
The electrical resistivity method has been widely used for dam site investigation and safety control as it is non-destructive and cost-effective. Recently, the resistivity method has expanded to include time-lapse monitoring because time-lapse data provide not only subsurface images, but also reveal dynamic changes over time. With the development of automatic/rapid data acquisition systems together with effective data communication and sophisticated inversion routines over the last few years, resistivity monitoring has become suitable for time-lapse studies focused on the shallow subsurface and has been applied to a wide range of environmental and engineering problems (Kemna et al. 2002; Slater et al. 2002; Singha and Gorelick 2005; Cassiani et al. 2006; Deiana et al. 2007; Miller et al. 2008; Kim et al. 2009 ). Despite these and other case studies, significant challenges the resistivity monitoring system devised for dam surveillance to a test dam site, resistivity monitoring data were acquired. Through the time-lapse inversion of field monitoring data, we can reconfirm that the different 3D effect from water level change results in a strong artifact in the inverted section.
3D EFFECT
Generally, 2D data acquisition and interpretation is widely used in the survey of embankment dams because of its convenience for fieldwork and fast inversion. In a 2D survey, constant physical properties and topography are assumed along the strike direction. In addition, the survey line has to be perpendicular to the geological strike direction. However, a 2D resistivity survey along the dam crest violates this 2D assumption. Different water levels will result in a dam having different material properties even when healthy. Changes in water level and subsequent changes in material properties will give rise to different 2D resistivity data along the dam crest. Topography also does not fulfill 2D conditions in a 2D resistivity survey along an embankment dam. Thus, 3D effects caused by 3D topography and 3D material properties in dams distort the 2D resistivity data acquired along the dam crest (Sjödahl et al. 2006; Cho and Yeom 2007) . Consequently, an inverted 2D resistivity section does not represent the true resistivity distribution of an embankment dam. This is another problem of 2D resistivity surveys at embankment dams. However, the 2D survey is still one of the most widely used methods since it provides very useful information about leakage zones.
To investigate 3D topography effects in resistivity surveys at embankment dams, we carried out 3D numerical modelling. A mesh structure of 3D modelling programs was especially designed to model apparent resistivity for geometries and material distributions for embankment dams. We assumed a homogeneous dam model in which all components of an embankment dam have constant resistivity. Figure 1 shows the distortion of the primary potential on the surface of an embankment dam when a oneampere current is injected into the ground through a pole and dipole source located on the dam crest. The potential is more disThis means that some changes in resistivity over time have taken place at leakage zones. Thus, resistivity monitoring on the dam crest and consequent time-lapse inversion will be helpful for the effective detection of these changes over time.
The resistivity method has been widely used for the detection of leakage zones in embankment dams (Panthulu et al. 2001; Cho and Yeom 2007; Oh and Sun 2008) . For the convenience of field work and well developed inversion routines, a two-dimensional (2D) resistivity survey along the dam crests has been generally preferred to locate the leakage zones (Dahlin and Johansson 1995; Titov et al. 2000; Sjödahl et al. 2006) . With regard to leakage detection in embankment dams, resistivity monitoring is less common. From a practical point of view, resistivity monitoring at embankment dams was initiated in late 1996 (Sjödahl et al. 2008) , even though Johansson and Dahlin (1996) carried out repeated resistivity measurements before the monitoring with a permanently installed electrode layout.
However, various factors that may affect the resistivity of embankment dams have frequently made it difficult to interpret the data with the necessary precision. First, three-dimensional (3D) effects caused by the dam's 3D geometry can severely distort apparent resistivity data (Sjödahl et al. 2006; Cho and Yeom 2007 ). Changes in reservoir water level over time also significantly affect resistivity data. Furthermore, the resistivity of embankment dams is strongly influenced by seasonal variations in temperature and the TDS (Total Dissolved Solids) levels in reservoir water (Sjödahl et al. 2008) . In addition, various noises prevent the accurate measurement of resistivity. All of these make it hard to accurately interpret resistivity monitoring data.
Generally, dams in Korea are managed in order to maintain a constant water level except in certain situations, such as a massive flood or a drought. Nonetheless, variations in reservoir water levels are always occurring although the magnitude is small and the change rate is slow. Consequently, when gathering long-term resistivity monitoring data, changes in water levels are unavoidable. The variation in reservoir water levels indicates that topography varies with time. Thus, the resistivity monitoring data measured at different times will be influenced by different 3D effects. Moreover, different water levels will result in a dam having different material properties even it is a healthy dam. Changes in water levels and subsequent changes in material properties will give rise to different resistivity data, recognition of which can therefore be crucial for time-lapse inversion if we are to correctly interpret resistivity monitoring data.
In this study, we first analysed the 3D effects caused by a 3D dam structure through 3D finite element modelling. Through numerical tests, we demonstrated the effectiveness of time-lapse inversion for the detection of leakage zones in embankment dams. However, where the reservoir water level had changed over time, the time-lapse inversion failed to define leakage zones because of strong changes in 3D effects. By introducing a combined reference model, the leakage zone could be identified only when the change in water level is small. Additionally, in applying which all have different resistivity. Reservoir water shows generally low resistivity compared with the supporting shells. Below the water level, the upstream shell is fully saturated with ground water, which causes it to show low resistivity. The downstream shell shows high resistivity because the dam's impermeable clay core allows only a small amount of seepage, so long as the core is not damaged. The clay core is mostly saturated with ground water; it shows low resistivity. When the water level lowers, the saturated part of the upstream shell decreases. Thus, measured apparent resistivity increases as the water level decreases. Moreover, the decrease in the reservoir water level itself raises the measured apparent resistivity because of topography changes. These changes occur simultaneously and the 3D effects from them combined cannot be compensated for or corrected individually. To investigate the 3D effects from water level variations, numerical modelling was conducted. Figure 3 shows a healthy dam model and the dipole-dipole sounding curves acquired at the crest. Dam geometry and electrical material properties are depicted in Fig. 3(a) , which were set empirically. As shown in Fig. 3(b) , sounding curves are highly dependent on water levels. When n-spacing is small, apparent resistivity data change irregularly according to water levels. When n-spacing is large, the sounding curve shifts up as the water level decreases. Changes in sounding curves are produced solely by the different 3D effects that occur as a result of water level changes, and the amount of them seems to be larger than expected. The different shape of the sounding curves may produce more serious problems, especially when the 1D or 2D inversion is used for interpretation. Moreover, time-lapse inversion will encounter a fatal problem, which will be discussed in the next section. torted at the cross line than the along line, and the greatest distortion occurs at the downstream shell. The dipole source produces greater distortion in magnitude than the pole source. Generally, a survey line at an embankment dam is set parallel to the dam. The along line data are also significantly distorted by 3D dam geometry, even though they are less distorted than the cross line data.
Moreover, the 3D structure of an embankment dam may fluctuate with changes of reservoir water levels. In addition, measured potential is influenced differently according to the location of the survey line. Thus, the value of measured potential also changes according to water level and the survey line's location. To investigate the specific effect of changes in the water level, we calculated dipole-dipole sounding data and plotted the sounding curve at the dam crest of the homogeneous dam model. We assumed the dam is 20 m high and the crest is 6 m wide. We set station spacing to 5 m and water levels to 14 m, 15 m, 16 m and 17 m. Details of the dam's geometry are illustrated in Fig. 2 
(a).
Figure 2(b) represents the sounding curves for a homogeneous dam model. We can see that the lowest water level produces the most distortion. The calculated potential is larger than that of the homogeneous half-space model by 15 to 30 percent. When n-spacing is small (1 or 2), the potential shows the same distortion regardless of water level. At large n-spacing, the 3D effect converges to some finite value. Noting that 2D resistivity survey line at embankment dams is generally installed on the crest for the convenience of fieldwork, the 3D effects caused by 3D dam structure should be carefully considered when making quantitative interpretations of 2D resistivity data along the crest of embankment dams.
Generally, an embankment dam is composed of a central clay core, an upstream shell, a downstream shell and a foundation, in 3D effects due to water level variations will affect the results of a time-lapse inversion. First, to investigate the amount of resistivity change on leaking taking place at an embankment dam maintained at a constant water level during the monitoring period, we conducted 3D modelling for a healthy dam model and a damaged dam model. Our test was designed for the 3D effect to be purely attributed to 3D dam geometry showing a leakage model (Fig. 4) . The physical dimensions and resistivity were set empirically. The damaged core was placed at the centre of the survey line and located at an
TIME-LAPSE INVERSION
Generally, the resistivity of the damaged core increases since saturated clay usually exhibits lower resistivity than the fresh ground water. However, the leaking water, now adulterated with clay particles, flows into the downstream shell. This, in turn, causes the resistivity of the saturated downstream shell to decrease significantly. Increased resistivity in the damaged core counteracts the decreased resistivity in the downstream shell. Thus, a leakage zone can be shown as either a high or a low resistivity zone in the inverted section depending on the resistivity contrast among materials composing a dam.
When long term resistivity monitoring is performed, changes in resistivity over time can be assessed by simply carrying out independent inversion. However, independent inversion does not guarantee that any changes in resistivity are due to actual changes in subsurface resistivity over time and does not take into account the reference model or prior information. Accordingly, independent inversion is not an effective way to identify small changes in resistivity (Loke 1999) . Furthermore, 2D resistivity data are strongly distorted by the 3D effect from specific dam geometry. Therefore, it is difficult to detect a damaged zone by the simple independent inversion of two resistivity data sets obtained at different times and pixel-by-pixel comparison. Thus, resistivity measurements from a particular time and subsequent independent inversion are not sufficient to identify subtle changes over time. On the other hand, resistivity monitoring provides useful information about changes taking place at a dam as time passes (Oldenborger et al. 2007; Kim and Cho 2011) . Generally, in a time-lapse study, topography is assumed to remain unchanged over time. However, in the case of resistivity monitoring performed in an embankment dam, topography changes because water levels vary with time. Furthermore, changes in water levels lead to the changes in resistivity of dam materials. Thus, changes was smeared out in the time-lapse image. Although the bulk volume of the saturated downstream shell may be much greater than that of the damaged core, the saturated downstream shell is far away from the survey line on the crest. Therefore, considering the resolution of the resistivity method and the strong 3D effects caused by dam geometry, the saturated downstream shell would become obscured and blurred even in the independent inversion image. Moreover, the time-lapse inversion tends to overemphasize large changes, while suppressing small changes in resistivity since a strong cross-model constraint is imposed on the model parameters showing small changes. Consequently, the low resistivity zone representing the saturated downstream shell disappears in the results of the time-lapse inversion. Through this numerical experiment, the time-lapse inversion was able to effectively define a leakage zone if the water level is identical at different measuring times.
As mentioned previously, changes in 3D effects due to water level variations will affect the results of the time-lapse inversion. To evaluate the influence from water level changes, numerical 3D modelling and time-lapse inversion were conducted. Timelapse data were theoretically calculated for a damaged dam model with a water level of 16.75 m. The model obtained from the independent inversion of the numerical data for the healthy dam, shown in Fig. 5(a) , was used as a reference model and initial model in the time-lapse inversion. Note that the water level of the healthy dam model was 17 m. Figure 7(a) shows the resistivity section from the time-lapse inversion. As expected, the inverted model is similar to the reference model and the damaged core cannot be identified in the section. In the percent difference section shown in Fig. 7(b) , a layer with increased resistivity appears at the near-surface. This spurious layer was caused by a different water level between the reference model and the timelapse model.
Time-lapse inversion using a cross-model constraint greatly depends on the reference model. The cross-model constraint imposes a small penalty on model parameters showing signifielevation of 5.2 m to 10.5 m. The width of the damaged core was set to 10 m. The resistivity of the damaged core was set to 60 ohm-m, slightly higher than that of a healthy core. The wet downstream toe was assumed 20 m wide and its elevation ranged from 0 m to 2.3 m. The resistivity of the saturated downstream shell was set to 100 ohm-m, which is 4 times lower than that of a normal downstream shell (400 ohm-m).
Figure 5(a) and (b) are the results of independent inversion for a healthy dam model and a damaged dam model when water level is constant. The two sections are nearly identical. The damaged zone is not defined in the inverted section because changes in apparent resistivity data are too subtle to identify leakage zones. From the percent difference section, the damaged zone in the core is defined as a low resistivity zone (Fig. 5(c) ). The low resistivity zone widely occurring at depth is thought to be the result of the saturated downstream shell. However, the low resistivity zone indicating the damaged core is widely spread and extended at depth. Furthermore, many inversion artifacts appear across the entire percent difference section, even though noisefree numerical data were used in the inversion. Figure 6 shows the result of the time-lapse inversion. The model obtained from the independent inversion of the numerical data for the healthy dam, shown in Fig. 5(a) , was used as the reference model and initial model in the time-lapse inversion. The time-lapse data was calculated from the 3D modelling of the damaged dam model shown in Fig. 4 . Similar to the independent inversion, the time-lapse inversion also does not clearly depict the damaged core, although the damaged zone is faintly defined as a low resistivity zone in the inverted resistivity section. However, in the percent difference section depicted in Fig. 6(b) , the damaged core is clearly defined as a decreased resistivity zone compared to the healthy core. Furthermore, inversion artifacts arising as the result of the independent inversion are surprisingly reduced in the percent difference section. However, the saturated downstream shell, which was imaged in the independent inversion as low resistivity zones appearing widely at depth,
FIGURE 6
The result of time-lapse inversion for the damaged dam model shown in original reference model. In the percent difference section, the leakage zone is clearly identified as a decreased resistivity zone. The spurious near-surface layer shows increased resistivity, indicating that the water level decreased. If the water level rises, the spurious near-surface layer will show decreased resistivity. This approach effectively reduces the influence from water level changes. However, cross-model constraints are heavily influenced by the resistive near-surface layer caused by 3D effects when the difference in water levels is larger than 0.5 m. In such cases, the estimated model parameters corresponding to the near-surface layer showed a larger change than that of the model parameters corresponding to the leakage zone. This implies that the estimated model parameters corresponding to the near-surface layer are significantly different from the reference model that was obtained from the independent inversion of timelapse data. Unfortunately, it seems to be fairly difficult to find an effective method to reduce the influence of changes in water levels. In a practical sense, the best choice for a quantitative interpretation is to measure resistivity monitoring data when water levels are identical. If there is a great difference in water levels, time-lapse inversion using the cross-model constraint fails to define leakage zones developed in embankment dams.
FIELD MONITORING DATA
We devised a resistivity monitoring system, which is divided into two parts: the field system and the office system. Two systems are connected by bidirectional CDMA communications. The office system is composed of three parts: a system control unit, a data processing unit and a data-base. The system control unit remotely controls the data acquisition unit and receives acquired data through CDMA communication. The received monitoring data are stored in the data-base and processed when needed. The resistivity data acquisition system is controlled remotely by the system control unit in the office system through CDMA communication. This PC-based system is composed of an embedded cant change, and a large penalty on model parameters showing negligible change over time. A small cross-model constraint is imposed on model parameters corresponding to the near-surface layer since their change over time is much larger than changes to model parameters corresponding to the damaged core and wet downstream shell. As the iteration number increases, the changes to model parameters corresponding to the leakage zone become smaller and larger cross-model constraints will be imposed. Consequently, the estimated value of the model parameters corresponding to the leakage zone converges with that of the reference model, and the anomaly representing the leakage zone disappears in the final inverted section.
On the contrary, the model parameters corresponding to the near-surface layer become over-emphasized since low crossmodel constraint is consistently imposed over the whole inversion process. Therefore, when water levels change, time-lapse inversion fails to identify the leakage zone and a spurious resistive layer appears at the near-surface.
It is worth noting that the 3D effects are concentrated at the near-surface layer in the inversion result. This near-surface layer above the water level is not a major target of resistivity monitoring in embankment dams, especially when resistivity monitoring is performed to identify leakage zones, which generally develop below the water level. In the time-lapse inversion, the problem is that too large cross-model constraints are imposed on the model parameter corresponding to leakage zones, while too small crossmodel constraints are imposed on the model parameters corresponding to the near-surface layer. To overcome this problem, only minor changes have to be made in the model parameters corresponding to the near-surface and the large cross-model constraint has to be imposed. This can be easily accomplished by replacing the reference model of the near-surface layer with a model from the independent inversion of the time-lapse data. Of course, the rest of the reference model parameters are obtained from the independent inversion of the original reference data. Using this combined reference model, changes in the near-surface layer can be effectively reduced and a large cross-model constraint can be imposed on the model parameters corresponding to the near-surface layer. In contrast, the model parameters corresponding to a leakage zone will show a large change compared with the model parameters corresponding to the near surface layer. Thus, small cross-model constraints will be imposed on the model parameters corresponding to the leakage zone. Consequently, the time-lapse inversion using the combined reference model will produce an image that clearly defines the leakage zone. Figure 8 shows the result of time-lapse inversion using the combined reference model. This model was obtained from the independent inversion of both reference data and time-lapse data. The difference in water levels between two measurements was 0.25 m, and other model parameters are the same as the healthy dam model shown in Fig. 4. Figure 8 (a) and (b) are the inverted resistivity section and the percent difference section, respectively. The value of percent difference was calculated from the July 13, 2011, the water level increased rapidly from 106 m to 110 m during five days from July 9, 2011 to July 14, 2011. Fortunately, the effect from temperature variations was negligible since the average temperature was nearly constant over this short period. According to the previous numerical tests for synthetic data sets, the change in water levels, 4 m, is considered sufficient to produce a strong 3D effect if data with 10 m spacing are used in the inversion.
To investigate the change in 3D effects from water level variations, we selected two data sets among the data sets collected: a reference data set and a time-lapse data set. The data set measured at 00:00 July 9, 2011 was selected as a reference data set because the water level was relatively low (106 m) at that time. On the other hand, the data set measured at 18:00 July 14, 2011 main CPU, a transmitter, a switch box, a 24-bit AD converter, 8 Giga-bytes of memory, and a modem for CDMA communication. Figure 9 represents the schematic diagram of the monitoring system.
We acquired resistivity monitoring data at a test dam site located in the southern part of Korean peninsula. The dam is 390 m long and 39.3 m high. The elevation of the dam crest is 116 m. We first installed electrodes permanently at the centre of the crest. The total length of the survey line was set to 200 m and station spacing to 5m. Considering the investigation depth of dipole-dipole resistivity method and the height of the dam, data with 5 m and 10 m spacing have been measured every 6 hours since August 30, 2011. Figure 10 shows the variations of water level together with the amount of rainfall. To investigate the effect caused by the variation of water levels, we selected a period during which the water levels changed a lot. Because of heavy rain from July 9 to FIGURE 11 Resistivity sections obtained from independent inversion of reference data (00:00 July 9, 2011) (a) and time-lapse data (18:00 July 14, 2011) (b). The water level increased rapidly from 106 m to 110 m over time.
FIGURE 10
Variations in water level together with the precipitation at a test dam site.
FIGURE 9
The resistivity monitoring system devised for the leakage detection in embankment dams.
(a) (b) Figure 13 represents the result of time-lapse inversion using a combined reference model. The combined reference model was established by combining two models from the independent inversions of the reference data and the time-lapse data. As previously explained, the near-surface model parameters of the combined reference model were obtained from the independent inversions of the time-lapse data. On the other hand, the rest of the reference model parameters were obtained from the independent inversion of the original reference data. As shown in Fig. 13(a) , the distribution of resistivity is similar to the reference model over the entire section. Thus it is really hard to identify the leakage zones in the resistivity section, like the independent inversion or conventional time-lapse inversion case. Figure 13(b) shows the percent difference section when the combined reference model was used. The value of percent difference was calculated not from the combined reference model, but from the original reference model. Accordingly, values of percent difference show large variations, especially at the near-surface although a large cross-model constraint was imposed and the model parameters converged to the combined reference model during the time-lapse inversion process. A conductive layer appears clearly at the near-surface, which implies that the increased water level produces a different 3D effect. There is no particular anomaly representing a leakage zone below the conductive near-surface layer. Of course, there was no evidence that leakage zones were newly developed during the short period of five days. However, it should be noted that the time-lapse inversion with a combined reference model does not guarantee the detection of the leakage zones since the water level increased so much during the time interval.
was selected as a time-lapse data set because the water level was high (110 m) at that time. For these two data sets, we carried out independent inversions individually and the results are shown in Fig. 11 . At a glance, the two sections look very similar to each other. On close inspection, however, we can see that the resistivity values of the time-lapse model are slightly lower than those of the reference model over the entire section. The decrease of resistivity values over the whole time-lapse section is considered to be solely caused by the rapid increase of water levels, since there was neither a significant change in temperature nor any evidence or symptom of newly developed leakage zones during this short period of five days. Figure 12 shows the result of time-lapse inversion when the model obtained from the independent inversion of reference data was used as a reference model. Before the time-lapse inversion, we rejected data that show a large difference (more than 30 %) between the time-lapse data and the reference data. As expected, the inverted resistivity model shown in Fig. 12 (a) seems to be the same as the reference model. However, in the percent difference section shown in Fig. 12(b) , we can find that a conductive layer appears at the near-surface although it is not connected smoothly like the numerical case in the previous section. Note that the spurious near-surface layer has to be conductive when the layer is caused by an increased water level. In this case, the water level was increased. Thus, the conductive layer seems to be certainly caused by the change in 3D effects due to a different water level between the reference model and the time-lapse model. This spurious conductive layer will be a major obstacle for the timelapse inversion to image the new leakage zones that occur during the monitoring period.
FIGURE 12
The result of time-lapse inversion using a conventional cross-model constraint; inverted resistivity section (a) and percent difference section (b). The model from the independent inversion of reference data (00:00 July 9, 2011) was used as a reference model in the time-lapse inversion of time-lapse data (18:00 July 14, 2011).
FIGURE 13
The result of time-lapse inversion using a combined reference model; inverted resistivity section (a) and percent difference section (b). The value of percent difference was calculated from the original reference model. 
DISCUSSION AND CONCLUSIONS
Resistivity measurements or monitoring data at an embankment dam are influenced by many factors, such as the effect of 3D dam geometry and variation in material properties across the dam's cross section, fluctuations of reservoir water levels, seasonal variations in temperature, TDS of reservoir water, and location of survey line. In resistivity monitoring, it is generally assumed that the topography will not change with time. However, resistivity monitoring at a dam does not satisfy this condition because the water level changes with time. Moreover, changes in material properties due to water level changes are crucial to the interpretation of resistivity monitoring data at a dam. This study focused on the 3D effects arising from dam geometry and water level changes when 2D resistivity data are acquired along the dam crest. Through 3D finite element modelling, we find that the amount of the 3D effect is different according to reservoir water levels: the lower the water level, the larger the 3D effect. Although time-lapse inversion is recognized as a promising way to discover subsurface changes over time, the time-lapse inversion cannot suppress the 3D effect caused by water level change.
An ultimate solution for this problem may be 3D monitoring and 3D time-lapse inversion. However, this 3D approach is not yet cost-effective. The easiest way to circumvent the 3D effect may be to acquire reference and time-lapse data only when the water levels are identical. However, this approach will severely restrict the time-lapse inversion of two data sets with an arbitrary time interval. The combined reference model proposed in this study is not effective in suppressing the strong 3D effect when there is a large change in the water level. Therefore, more sophisticated techniques suppressing the 3D effect are required for the quantitative interpretation of resistivity monitoring data acquired at embankment dams.
